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1. INTRODUCTION

The Advanced Launch System (ALS) program, a joint DoDINASA effort, is an aggressive
attempt to realize much lower costs and turnaround times with improved safety. Meeting
the goals of the program will require fundamental changes in launch concepts, including
much higher levels of automation and autonomy. Increasing autonomy will require the
incorporation of techniques from artificial intelligence, such as knowledge-based systems,
in order to replace what has traditionally been a human role.

The advanced development program (ADP) study reported in this document examined the
issues in incorporating this knowledge-based technology into the ALS program. The
results represent a major contribution to providing the technology
necessary to realize the ALS goals. These results, discussed below provide
methodologies for recognizing when the technology is applicable, provides a standardized
architecture for incorporating knowledge-based systems with conventional systems, and
provides a methodology for validation and verification of systems developed with this
technology.

This report presents the results of research into Expert Decision Aid Systems, ADP 2301. The research was
sponsored by the Writght Research & Development Center at WPAFB, Oh. and conducted by General Dynamics
Space Systems Division with the assistance of the Abacus Programming Corporation. It has the following sections:

Section 1: Introduction

Section 2: Expert System application assessment

Section 3: Guldelines for achieving maximum autonomy In ALS
Section 4: The Knowledge-Bus architecture

Sectlon 5: Verlfication & Validation of Knowledge-Based Systems

« Section 1 is an introduction and summary of the entire report.

+ Section 2 presents a new and innovative methodology for ranking expert system
applications in ALS or similar programs. The methodology is applied to the area of
ALS launch vehicle and associated ground systems. A number of candidate
applications are identified and ranked.

» Section 3 presents an analysis of the maximal feasible extent autonomy in ALS
operations, and how the use of knowledge-based systems can help increase autonomy.
A design approach to this degree of autonomy will be demonstrated in Phase 2 (ADP
2302).

 Section 4 presents a software architecture for ALS, where a number of cooperating,
distributed knowledge-based and procedural systems will be developed and evolve with
technology upgrades during the long anticipated life of the program. System-level
components of the architecture will be developed and demonstrated in Phase 2 (ADP
2302).

« Section 5 presents the framework for a methodology to achieve verification and
validation (V& V) of expert or knowledge-based systems in ALS-type applications.
A specific methodology will be applied in Phase 2 (ADP 2302).

1.1 SCOPE

This report gives the results of analyses of issues arising from selected and effective use of expert or knowledge-based
systems (i.e., artificial intelligence techniques) in ALS. Because it is a Phase 1 ADP research report, there is no

1-1
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formal identification of CPClIs, no code, and none of the other products required by DoD-STD~2167A, even though
some software design is included.

The research project underlying this report began (kickoff meeting) on November 20, 1987. The first task was the
development of the expert syst=m application assessment methodology and researching Al development architectures.
A preliminary version of the expert system application assessment methodology was completed in February, 1988.
The project then experienced a hiatus from February 19, 1988 until October 12, 1988.

When the project resumed, the tasks centered on (a) the assessment methodology and (b) Al development architectures,
with the latter thread eventually leading to a distributed knowledge-based system architecture called the Knowledge
Bus. From an analysis of launch vehicle systems and operations. 22 c2ndidate applications were identified to test the
methodology. The methodology was extended, converted to tabular form suitable for spreadsheet implementation,
applied to the 33 candidate systems, and documented in Section 2. A feature analysis of distributed and real-time
knowledge-based systems, based on a literature review and hands-on examination, served as a foundation for the
Knowledge-Bus architecture, which was completed and documented in Section 4.

Concurrent with the ALS Phase 11 pre-design activity, the analyses underlying Section 3 (maximum autonomous
architecture) and Section 5 (Verification & Validation (V& V)) received priority. All tasks have now been completed
in this edition.

1.2 OVERVIEW

The major objective of thus project is to maximizing autonomous operation with focused attention on the use of
artificial intelligence (AI) methods. Effective use of Al (or knowledge-based systems—KBS) requires selection of
appropriate applications, an appropriate development (including V&V), and an operations framework. This report:

« describes a methodology for evaluating applications for KBS implementation, and a
set of appropriate applications within the launch vehicle domain, ranked according to
payoff when compared to a conventional implementation

* analyzes the implications of autonomy and derives a distributed architecture
employing a combination of KBSs and procedural programs

« describes an implementation concept for this architecture (the ‘Knowledge-bus’) that
provides the framework for distributed and cooperating systems, including KBSs,
procedural applications and support systems such as databases, sensors and effectors

* gives guidelines for the V&V of KBSs built under this framework
1.3 LINEAGE

The research described in this report was developed to fit within the framework of the overall ALS program. The
ALS System Requirements Document (SRD) and the ALS Technical Reference Document (TRD) specify general
requirements to use artificial intelligence (AI) and concept-encapsulation (refered to as object-oriented programming)
techniques, minimize human judgment in data-intensive time-critical applications, and to reduce the use of complex
equipment and labor intensive operations.

Our STAS studies, based on Space Shuttle and Atlas Centaur, have shown that currently the major recurring launch
vehicle costs break down as follows:

« Logistics & ground segment: 46.8%

« Design, development, test & evaluation: 15.4%

» Facilities & ground equipment: 11.0%

* Reusable hardware: 26.8%
The first three total 73.2% of the recurring cost, and are relatively amenable to reduction through: increased
automation (spreading automation o more tasks, improving integration, reducing manpower costs), improved

software (improving speed, accuracy and reliability), and increased productivity in software development and
maintenance (fewer staff producing better software, sooner and with fewer errors). A 30% reduction in these three
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areas—which is a reasonable target for the technology described in this report—would represent a 22% reduction in
the overall recurring cost. Figure 1.1 summarizes these costs and the effect of a 30% reduction.

30% Savings in L&GS due to

» Semi-autonomous Vehicle

» Automating Ground Tasks

* Reducing Technical Data by
Providing Data Management Tools

30% Savings in F&GE due to
« Reducing Required Facilities

Reusable
Hardware
(26.8%)

Desigry/ Development,
Tegt & Evaluation
: (15.4%)

30% Savings in DDT&E due to
« Standardizing Interfaces
« Parallel Validation Testing

: w\jqf Denotes Savings

Figure 1.1—Increased automation could yield a 30% reduction in cost

With this as background, our extensive domain knowledge of launch vehicle operations was combined with the
innovative methodology for identifying expert or knowledge-based system candidates, to produce the rankings in
Section 2. Section 3, the analysis of maximum autonomy, derives from the SRD and TRD, the autonomy
requirements (which are substantial), plus defines the set of sclected applications, and gives insights into the nature of
knowledge-based systems to be used.

The implementation concept (described further as the Knowledge-bus or ‘K-bus’) architecture for cooperating
distributed systems in Section 4 derives from:

+ the maximum autonomy analysis,

» specified UNIS goals (database access, data management, application toolset) in the SRD and TRD,
» ALS' intended long lifetime, and

« the set of selected applications.

Section 5 discusses in detail aspects of V&V for knowledge-based systems, predicated on the The K-Bus architecture,
the set of specific applications, and implementation methodology considerations. These interactions of these threads
are summarized in Figure 1.2.

1.4 ACRONYMS AND ABBREVIATIONS

The foliowing acronyms and abbreviations are used in this document:

AGN&C adaptive guidance, navigation and control
Al artificial intelligence

ALS Advanced Launch System

ALSYM ALS simulation system

DE domain engineer

1-3
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computer-aided software engineering

commercial off-the-shelf (software)

expert system

ground support equipment

knowledge-based system (expert systems, mode] based reasoning, efc...)
a software architecture for cooperating distributed knowledge systems
knowledge engineer

multi-path redundant avionics suite

operating system

ALS System Requirements Document

Space Transportation Architecture Studies project

ALS Technical Reference Document

ALS Unified Information System

verification and validation

Domain
Knowledge

Automation

Opportunities

ALS
Objectives

Assessment
Methodology

V&V
Approach

Maximum
Autonomous
Architecture

Figure 1.2—This study follows from ALS objectives

1.5 EXECUTIVE SUMMARY

This section summarizes the major arguments and analyses of Sections 2 through 5. In this summary complimentary
treatments have been consolidated and ALS program goals are explicitly considered.

1.5.1 ALS Objectives

The overall objectives of ALS, although high-level and broad, can be used to derive some measurable/realizable
goals, which in turn can be used to derive specific automation tasks. Instead of anticipating radical technological
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breakthroughs, attention is focused on streamlining and reducing the cost of recurring processes. From this can be
derived specific and realistic goals in areas such as:

» reducing the cost of replacement, maintenance and redesign of ALS components and support
systems over the long operational lifetime of ALS

+ linking constituent ALS systems in a common framework to ease maintenance and enhance
cooperation or synergy

+ reducing the cost of using automated systems

« reducing the cost of developing and maintaining the many automated systems that will be
employed through productivity-enhancing methodologies and the reuse of modules (including
COTS (commercial off-the-shelf software))

* maximizing autonomous operation and/or minimizing reliance on human judgment, including
during the final hours prior to launch (Section 3 addresses this in more detail)

Specific automation tasks can in turn be derived from these and similar goals, such as those described in the ALS
Technical Reference Document. This report, then, is concemned with the technology that will be required to
implement the specific automation tasks and thereby realize the goals and overall mission objectives.

1.5.2 Derived automation goals and tasks

Specific automation goals will follow from the general goals in support of ALS objectives. The following
paragraphs review (a) some of the goals that have strong software implications and (b) some specific software
development tasks derived from the goals. Simply mandating good practices (e.g., design standards) does not ensure
that real progress is made toward ALS goals. What is required is toolsets and methods that make it easier to do
things right in the first place, and many of the tasks involve the creation of tools. The body of the report considers
specific instances of these tasks (Section 2), a software infrastructure (Section 4), and a methodology for verifying
KBSs implemented as a result (Section 5).

Goal: Reduce (software) development/replacement/maintenance costs. The following are some specific automation
tasks that support this goal:

+ define standard software interfaces to permit the development of plug-compatible components

* develop a software architecture of standard and reusable components that are implemented at a high
level of abstraction ("generic applications”) rather than merely parameterized modules that en-
capsulate a few lines of code

» develop software in object-oriented languages to permit the architecture of reusable components to
have a common definitional basis

* build verification and validation support into software components

Goal: Maximize synergy between subsystems/subactivities. The following are some specific automation tasks that
support this goal:

+ maximize the reuse of data/information (only collect it once, as early as possible), e.g., flow data
from CAD/CAM to all subsequent manufacturing stages and derive tests from it automatically.

* develop automation applications from top-down analyses using libraries of common abstractions
and high-level concepts (e.g., hierarchical design by planned selection and refinement underlies
many activities including configuring payloads and planning mission sequences) rather than
bottom-up case-by-case, this maximizes inter-application compatibility

Goal: Enhance system usability and improve user interfaces. The following are some specific automation tasks that
support this goal:

* provide a library of high-level interface components (e.g., menus, widgets, buttons, a la Macintosh
or Windows) to enable developers to produce consistent and intelligent user-software interfaces
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» provide a library of consistent and intelligent software-to-software interface functions to assist the
development of networks of cooperating systems

« provide a library of consistent and intelligent hardware-to-software interface functions to assist the
development of networks of cooperating systems

Goal: Minimize need for human judgment, i.e. maximize autonomy. The following are some specific automation
tasks that support this goal:

* include the basic elements of knowledge-based systems or expert systems, such as inference
engines and knowledge encapsulation to perform basic reasoning as part of the software architecture

« include built-in support for distributed, cooperating yet independent modules in the software
architecture
« include support for fault-tolerance in the software architecture

« develop tools to help optimize compatibility of procedural and knowledge-based systems to
implement autonomous tasks

The common theme that emerges here, from which other specifics are derived, is a stress on autonomy, automation
and maintainability. Earlier launch systems (Atlas, Titan, Space Shuttle, etc.) have islands of automation, but
because of a lack of end-to-end automation and autonomy, the expense is high, delays are 0o common, and the
"standing army" is still required. (It also can be hard to separate marginal costs of payloads from booster costs, which
may make boosters seem to be more expensive than they are.) The technology described in this report specifically
addresses issues of autonomy and maintainability.

1.5.3 Role of Knowledge-Based Systems — Assessment Methodology (Section 2)

ALS requires operational effective and cost beneficial automation. The questions are: what 1o automate, and how to
automate it. Further inspection asks: where to subdivide into subsystems, and whether to use procedural or
knowledge-based software implementations? An implementation evaluation methodology (knowledge-based or
procedural?) belongs in the system design process as an aid to answering these questions.

Many automated systems will be required to achieve the autonomy goals, and a major design task will be to partition
the entire ALS system flow into individual automation systems and determine whether their software should be
implemented as procedural or knowledge-based systems. Section 2 identifies a select thirty-three candidate automation
applications, grouped under decision aid areas in: health monitoring, pre/post launch analysis, and mission planning
and analysis. Each of these may be a single system or a set of cooperating systems. Although a different
partitioning could result in a different set of candidates, the thirty-three cover a wide range and effectively represent the
spectrum of automation and autonomy opportunitics within ALS, and provide an effective demonstration of the
evaluation methodology.

Given candidates for automation, considerations such as risk avoidance and implementation efficiency dictate that the
decision of knowledge-based or procedural implementation be made on a rational basis, considering the potential risks
and benefits of the different techniques and available development resources. Section 2 presents an objective,
repeatable methodology for evaluating candidate knowledge-based applications.

The assessment methodology considers systems in terms of specific criteria related to factors of KBS suitability,
implementation cost, operational cost, implementation risk and operational risk. The data is combined to yield the
following integrated (output) attributes:

* operational cost improvement

* turnaround reduction

» flight safety improvement
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KEY BENEFITS:
1) General purpose assessment methodology for KBSs
2) Relative ranking of ALS AI candidate applications

OBJECTIVE:
» Assess benefits & risks of candidate applications
» Be consistent, accountable, automatable

RESULTS:

« Obtained candidates from opportunity study

* Integrated 17 unit attributes for each candidate

« Applied implementation-specific weights

« Revised on basis of cost, turnaround, safety improvements
+ Scaled and ranked according to weighted merits

(Section 2)

CANDIDATE Final

SYSTEM Assessmenl
22]Misswon_Planung with Avlomaled 38 49
15lPre-Fight Tost Analysis 32 00
26|Syslom Wide Event Correlation 10 38
28]Facihlies Manager 29 34
29]Mission Design Automation 29 27
16]Post Fight Telemeuy Dala Analysis 2872
2 7{Vetucle Test Conducior/Scheduler 27 .15
2 4]Command and Control Scheduler 26 78
3 1|Payload Manilesting 23 81
1 1]Vehicle Processing Logqer Sysiem 23 05
10 aton_Troubleshoonng 22 i5
gjLaunch Compiex Enviwon Control Sys! 19 48
6lintegrated Test Cir for Vehicle System 19 27
5]0j rator_Trawwng Simulator 19 14
19]Pr nt_Tanking of Velhucle 18 13
1 8{Pneumatics, Press, and Puige Conrols 1703
25| lor_the Decision 0 Launch 16 79
3 2jCountdown 200N8 Monstor 16 77
23 Salety System 16 32
8lAutomatic_Recovder Assignment 16 05
3|Cnucal Parameter Velucle Survedlance 1561
21]Guidance Calibraton 1525
i i 14 85
ALandiines Chechs & Assignaw 14 57
1 7]Flight Control Power Applic. and Monitod 1378
Sys._and Recovery Ope: 1355
7jAutomanc Remole Sensor Calibration 13 37
4]Hazardous Gas kientihcanon and Sale: 1261
20{Engne igmtion Giound Perdorm Mon 1175
12]in Fhght Engwie Purloim Momtor L X'K}
13{Flhunds Andlysis Health Momioing 783
1 4]AborvAkernative Mission Modes (AGNS 6 4t
1]Data Compression Analysis 5 58

Figure 1.3—Final Relative AI Candidate Ranking




STRESS REPORT NO. GDSS-DSES-89-001

1.5.4 Maximum Feasible Autonomy (Section 3)

Identification of initial knowledge-based system opportunities permits the construction of KBSs at appropriate
points. The next step is to consider the general question of maximum autonomy for an overall end-to-end ALS
system design, and whether there are basic design principles that might alter the balance of factors to permit even
greater autonomy than envisaged in the isolated KBS evaluation methodology. The extent of automation can
potentially be extended farther in the gaps between these isolated automation points is a function of the design being
able to integrate knowledge-based and procedural systems over a distributed network.

Key to this analysis is a series of studies to define the maximum feasible extent of autonomy in systems like ALS.
First, we assessed the advantages in terms of flexibility, technology transparency, and ease of V&YV vs. the risks of
development cost unknowns, and safety concerns. Next are vehicle-ground tradeoffs involving advanced
complimentary technologies (made possible by increased computing power), specifically, advanced avionics, and
adaptive systems all which may affect the architecture and design principles. This maximum autonomy analysis is
presented in Section 3. An example architecture for maximum autonomy is shown in Figure 1.4,

KEY BENEFITS: (Section 3)
1) A philosophy supporting a distributed, flexible
architecture linking AI and procedural software
2) Tradeoffs criteria for Vehicle/Ground automation
OBJECTIVE:
+ Assess advantages for an integrated automation approach
* Develop vehicle-ground automation tradeoff criteria
RESULTS:
* Performed architecture trades analyses:
- Expert Systems vs. Conventional Programming
- Allocation of functions On-board vs. Ground
- Distributed vs. Centralized Control
- Object Oriented concept encapsulation vs. Modular S/W
* Defined vehicle/ground tradeoff criteria for launch systems
- Major sub-tasks include: Planning
Monitoring
Diagnostics
Configuration Cntl. /Training
* Defined major features required for a linking architecture
- Communications (form & function between control entities)
- Configuration/Control Management
- Use of COTS (Commercial of the Shelf Software)
- Use of hardware and software standards
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Maximum Autonomous System Architecture

Operations
Segment

[ sensore/sffectors

Figure 1.4—Distributed Control Approach to Max. Autonomous Architecture
1.5.5 Automation Architecture for Autonomy (Section 4)

This section documents the salient features required to implement just such an end-to-end architecture, with
considerations of KBS feasibility, distributed control autonomy, and V&V. Current launch vehicle systems employ
basicly a single computer program to perform check/out and launch operations. By judiciously dividing the tasks into
appropriate subsystems and implementing each in flexible environments, it may be operationally and cost effective to
implement the maximum feasible autonomy identified in Section 3. However, building a system consisting of a
number of distributed, cooperating elements combining procedural and knowledge-based programs with support
systems such as databases, graphics engines, etc., is a major challenge, even with today's technology. Today, merely
getting two intelligent subsystems to cooperate can be difficult, not to mention an entire network as with ALS.
What is needed to facilitate this degree of cooperation is a system-level architecture that includes the necessary
facilities as a sort of extended operating system. One that is able to freely go from machine to machine, operating
system to operating system. The Knowledge-Bus (K-Bus) information-passing protocol is just such an architecture
to layer on top of conventional 1990's hardware for real-time control and non-R/T support communications.

Section 4 describes the K-Bus, a layered architecture leading to an object-oriented programming (OOP) implemen-
tation of distributed cooperating system. OOP differs from previous design methodologies in that it considers the
operating environment as being made up of objects that can both take actions and have actions taken against them.
Another major difference is that the data structures, functions, and procedures that exist in other designs are inherently
part of an object here.

The architecture provides guiding implementation principles and structures that will be applicable throughout the
lifetime of ALS. The features to be implemented in the K-Bus will provide underlying tools for ease of development
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and the coordinating functions that permit diverse applications (knowledge-based and-procedural) to operate as a
coherent system. The underlying drivers of the K-Bus concept are depicted in Figure 1.5.

The layers of the K-Bus architecture are shown in Figure 1.6.

KEY BENEFITS: (Section 4)

1) Specification for a distributed cooperative control
architecture incorporating intelligent communication
between knowledge-based elements (‘Knowledge-bus’)

2) Key requirements for commercial-off-the-shelf
(COTS) software to comprise K-bus features.

ALS Rerquirements
Drive the K-Bus Design Approach

Requirements - @ = Envieoreents

S/W & HW ncresse Automation Pwet-Time
Requirements ' compom.
=> g
| ;
ij i { 23
» Knowledge-based I !
K-Bus  iibuted g H s EE
Design FaddEdad ~ I -
Elements’ Layered standard 3 g E
« Instrumented testbed L L Sa—1 2
« Time as a primitive data type

?

« Object Oriented-= 4L

Figure 1.5—0rigin of the K-Bus Concept

1.5.6 Verification & Validation of Autonomous KBSs (Sectiou 5)

If knowledge-based systems are to have a any role supporting real-time contry’, highly safety critical systems, they
will have to be follow a rigorous development methodology using reliable techniques for specification, design, coding
and verification/validation. The first three of these can use existing, proven methods for producing high quality
software. The verification/validation of KBSs, however, has been troublesomely vague and elusive with current

1-10
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The "K-Bus" is a
Layered Architecture
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A § 7. Applications ! —— = 1

g Applications Tools
S "

6. Generic — T T T
B " Applications [ Generic Applications
[y —»
q . I o -
&, 5. Al Paradigm i JJ
Q  Toolkits Domain Specific Objects Generic Tasks
‘_3- I | o 4 X >

4. Basic Al Bus ] I I I 3
X Tookits v i J—' oo ) e .U inborence Engines J]-I
S 3. Abstract - " - ——

Distributed |
D e lE VL T L o ) [
8 2. Concrete (= I r =
E a’g&;"a' OS/NOS Device Interface Network Interface JJ
-.g —
® 1.Devices & rf
3 Users Physical Objects
~-

-§

Figure 1.6—Overview of K-Bus Layers

techniques. Software verification is the process of evaluating the product of a given phase of the software
development cycle to ensure correctness and consistency with respect to the products and standards provided as input to
that phase. Validation on the other hand is affirmation, i.e. an evaluation of a system to ensure compliance with
specified requirements; the code can be said to correctly implement the intended requirements. Simply put — verify
that the software does what the designer programmed it to do, and validare that the system does what the user wanted
in the first place.

Section Five offers a sufficient V&V methodology for knowledge-based systems for highly critical systems. It
discusses specifications, development methodology, and automated tools to assist verification (see Figure 1.7). The
major points of the V&V methodology are summarized in the following points:

* Maximizing validity of systems by minimizing the gap between requirements and
implementation, resulting in better (i.c., more likely to be satisfied and more likely
to be useful) requirements and implementations. Not only does this enhance validity,
it simplifies validation.

s Tailoring the level of requirements through

a) top-down end-to-end analysis of the total system,
b) using generic tasks and applications as model requirements, and/or

€) using prototypes to generate requirements where the problem is not well-
defined, one of replacing a human expert, or integrating lower-level systems.
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* Raising the level of implementation through the development of a library of generic
applications, based on generic tasks including knowledge processing heuristics, basic
knowledge and commonly-used modules such as standardized uvser interface
components

* Using prototypes to explore design spaces where an implementation cannot be
specified as a combination of library components or other known techniques such as
mathematical models or procedural programming structures

« Simplifying and improving verification with the use of automated tools for passive
and active testing, which should be built specifically to interface with the libraries of
generic components

KEY BENEFITS: (Section 5)
1) Specification of a verification/validation
methodology suited to knowledge-based systems.
2) Identifies V&V techniques and tool-kits required to
produce highly reliable software for critical tasks.

Is the Knowledge Correg? V &v( Is the Application Correct?

Checking Checking Checking
Completenes:s Consistency Correctness

» Omission « Structure * Extended » Test Case
Checker Checker Structure Generator
» Rule * Logic Checker * Error
Refiner Checker * Extended Locator
Logic
Checker
* Semantics
Checker
« Control
Checker
Knowledge Stati(e © 5, Dynamic
chUIsﬁlon > Analysi: Analysis

Figure 1.7— A sufficient list of V&V tool-kits required
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2. ASSESSMENT
2.1 REVISE KEY DRIVERS FOR ALS BASELINE SYSTEMS
2.1.1 Areas of Functionality

In order to prove that the technology associated with expert systems is viable when integrated into the Advanced
Launch System generation of space vehicles it is necessary to establish a key driver baseline. The expert system key
drivers are a set of criteria that will be used to evaluate the feasibility of candidate expert systems.

The key drivers cover essentially the following four areas of functionality:

* COSst

« schedule

* mission success
« safety

2.1.2 Conventional Methodology

The conventional methodology to support these key drivers are identified in this section. Knowledge of the
conventional key drivers is required to identify where we are coming from. Identification of the key drivers will
allow a nodal point in which we can reference expert system key driver applications.

2.1.2.1 Conventional Cost Drivers

Cost related drivers are heavily dictated by the design of the flight vehicle and related ground service equipment. The
degree of design maturity plays a major weighting on the design cost driver. Older designs typically have established
a refinement to achieve optimal throughput of the design functionality and tend to be more cost efficient. Designs
that allow for highly autonomous operation will affect costs by both a higher vehicle cost for highly complex
systems and lower servicing costs from a smaller standing army. Other factors such as design restrictions and
variation in standards are governed by conditions dictated by influences outside the immediate realm of the design. A
new payload requirements adding additional outside cost requirements to an additional design would be such an
example.

2.1.2.2 Conventional Schedule Drivers

Schedule related drivers are driven in part by system simplicity and reconfigurability. Simplified operations,
maintenance, and technology updates help maintain schedule requirements. Specifically this includes reduced
maintenance, fewer repair delays, and improved system changes related to technology gains. A flexible system that
is easier to reconfigure between missions will help improve mission to mission scheduling. Systems capable of
performing multiple tasks or wide variations of the same task will permit shorten mission tasks schedules.

2.1.2.3 Conventional Mission Success Drivers

Drivers towards mission success are governed by performance, capability, system accuracy, robustness, and software
design. Providing a system that is able to handle all reasonable contingencies will increase overall performance.
This requires processors be sized with a reserve capability to handle such contingencies. A system that is capable of
handling all assigned tasks and contingencies will operate more reliability and improve mission success. System
accuracy will yield decisions with higher accuracy and less probability of endangering mission completion. A robust
system will be less prone to failure and will insure an increased system integrity. Software design will improve
mission success thru accurate, flexible, and robust operations.

2.1.2.4 Conventional Safety Drivers

Safety related drivers are governed by reliability, validation methods, redundancy. Higher reliability will directly
yield higher system safety. A thorough validation methodology will detect safety related system deficiencies.
Redundancy within the system hardware and software will reduce failures and increase safety.

2.1.3 Expert Decision Aid (EDA) Methodology

The expert decision aid methodology to support these key drivers are identified in this section. Knowledge of the
conventional key drivers is required to identify where we are coming from. Identification of the key drivers will
allow a nodal point in which we can reference expert system key driver applications.
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2.1.3.1 EDA Cost Drivers

The expert system complexity, and task of application will dictate cost drivers. The components of the expert
system must be designed and verified. Highly complex systems with high development cost and complex
verification and validation is the primary EDA cost driver. Expert systems are effective if their task of application
in which they are applied is well suited. Costs are related to the efficient assignment of expert systems to
appropriate tasks.

2.1.3.2 EDA Schedule Drivers

The cope of the knowledge base is critical to definition of the schedule driver. A large and accurate knowledge base
will assist in improving schedule times by providing the ability to generate all mission data quickly and accurately.

2.1.3.3 EDA Mission Success Drivers

As with conventional systems the software design will improve mission success only if it allows for design
flexibility and user friendly operation. Development of the K-bus concept for standardization of the expert system
linkages will allow the EDA to be flexible and portable. Available or customized user hardware can be easily
integrated to the software for design flexibility. The K-bus will incorporate drivers to the system network for
graphic workstation interfaces. The workstation environment will allow user friendly operation of the mission
specific software.

2.1.3.4 EDA Safety Drivers

EDA safety drivers dictated by the scope of the knowledge base. An extensive knowledge base will improve safety
by having knowledge that will properly react to contingencies.

2.1.4 Summary

Conventional drivers and expert system drivers are very closely related. As conventional drivers increase or decrease
so do their EDA counterparts. Although these changes may be proportional they are far from equal. The magnitude
of the EDA change with respect to the conventional systems will be significantly smaller.

The drivers mentioned above are sensitive to changes in the method of operation, the vehicle type, and the particular
mission. As these parameters change, the requirements for real;-time verses non real-time, autonomous verses man-
in-the-loop, or ground based verses airbome change, each in turn affecting the corresponding drivers for safety,
mission success, cost, and schedule. Many of these changes however can be anticipated and prepared for through an
adaptation in the scope of the knowledge bus.

Expert systems are capable of reviewing, assimilating, and reacting to data in quantities and at speeds far in excess of
a typical human operator based system. This in tum increases the reliability and robustness of the system while
reducing cost through reducing scheduling and manpower constraints. By developing an understanding of the drivers
for each system as well as the elements which vary from system to system we can more accurately assess the
capacity of a given expert system to maximize its potential cost reductions and system enhancements.

2.2 CANDIDATE DECISION APPLICATIONS

The expert system decision application candidates have been divided into four groups. Each of the expert system
candidates have been placed into one of these four categories which are: 1.) Test and Checkout Diagnostics Aids,
where there have been eleven candidates defined, 2.) Onboard Health Monitoring Functions, where there have been
three candidates defined, 3.) Pre / Post Launch analysis, where there have been two candidates defined, 4.) Mission
Planning and Operations, where there have been seventeen candidates defined. This section lists all of the candidates
with a description, and an associated number that will be used to identify the candidate in the charts that will be listed
later.

2.2.1 Test and Checkout Diagnostics Aids
2,2,1.1 Data Compression Analysis [1]

This real time data compression analysis system will accept, analyze, parse, and compress the downlink telemetry as
a front end analysis routine. This will assist in accelerating the real-time telemetry data feed into the sub-system
expert systems. Most of the other specialized decision systems will reside on a single multiple processor / parallel
tasking computer system. The two communality points between the multiple specialist decision systems will be
the telemetry feed and the common data base.
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This data compression analysis decision system will allow front end decision processing on the telemetry data. This
front end analysis will read the history file and look for telemetry data patterns and correlate data patterns to those
that have been seen in the past. Meaningful data patterns then will be directed to the proper decision system
candidate with pre-analysis footnotes attached. The effect will be to optimize the overall processing efficiency of all
expert systems by reducing the amount of data any particular decision system must see. The footnotes will clue in
the decision system to the telemetry data pattern and will allow bypassing the preliminary analysis within the
decision system rule base. The net effect will be to eliminate the potential for redundant processing of telemetry
between two decision systems.

Benefit of automation - The vectoring of data from PCM bit streams has been automated for 15 to 20 years. There
is a large historical data base in which to build to create the smart rule base.

Benefit of an expert system - May help downstream expert systems

Disadvantages - The nonrecurring cost over a logic box telemetry handler is expected to be one man-year, and
maintenance of 0.1 men per man-year is expected. In addition, since the vectoring of data is so crucial, it may not
be realistic to assume that we will accept any risk of misdirection.

2.2.1.2 Limit Testing {2]

The real time Limit Testing Module would be located in the Launch Control Center (LCC) and test all received
(COMM & PCM) filtered data against data base table limits. Data base tables must change automatically based
upon events/phases and the application software being executed. Data tables provide limits for out-of-tolerance-
condition and caution-level-condition testing. The limits set flags/interrupts for the operator work station,
Command and Control Manager Console (CCM), and for data evaluation. Out-of-tolerance-condition's are divided
into critical for launch (red-line-monitor) and not critical for launch. A red-line-monitor out-of-tolerance-condition
will place the vehicle in the "Not launch ready” status. All out-of-tolerance-condition's and caution-level-condition's
would be sent to the display system module for system enginecring review and to the expert decision system limit
handler in the work station.

This decision system is resident in the operator work station as a parallel functioning processor in the LCC
computer system. This decision system will access the limit testing data base and apply an expert reasoning rule
base to decipher the data for categorization and analysis. Currently with conventional means of analysis, the data
base is too huge to permit full analysis. As a result the caution-level-conditions are set so tight that the operators
ignore the secondary wamning levels and only look at the red-line-monitor conditions. With a decision system
implementation one can accelerate the analysis of the non-critical caution-level-condition to allow reliable generation
of secondary waming levels.

The decision system will also access the expert data base and provide the operator the inference decisions of former
expert operators. A display of recommendations will accompany the red-line-monitor display to provide the operator
additional information to aid in evaluating the out-of-tolerance-condition and caution-level-condition alarms.

Benefit of automation - Today's Titan Centaur system still uses a significant number of graphics displays for human
implemented redline monitoring. However, this is changing, at least on the Titan 4 program. Atlas 2 has also
recently added this capability to our Computer controlled launch set, which is our version of the launch control test
logic box.

Benefit of expert system - This is the first of three expert decision systems to analyze vehicle data. The other two
are described in the following sections 2.2.1.3 and 2.2.1.4. When combined, the anticipated overall reduction to the
launch system engineering staff is expected to be 70%, i.e., today’s Atlas Centaur crew of 10 would be reduced to 3.
Note: In order to achieve the anticipated savings, it has been assumed that the vehicle mechanical and electrical
operations during non-testing periods are simplified so that they are not sitting idle when tests are in progress.

Red line monitoring can be accomplished without an expert system. However, today's redline systems have the
following deficiencies. Their redline tolerances must be broader than needed to make up for the hardware tolerance of
the specific hardware installed, and their limits must be reprogrammed if the configuration of the hardware changes.
If these models were driven directly by the CAE and CAD data bases, the analysis would be higher in fidelity for
improved quality. Improved real-time feedback of vehicle out-of-tolerance-condition and caution-level-condition
alarms will increase the reliability of operator decision, and aid in training new personnel.

Disadvantage - The nonrecurring cost over a logic box red-line-monitor is expected to be one man-year, and
maintenance of 0.1 men per man-year is expected.
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2.2.1.3 Critical Parameter Vehicle Surveillance (Tank Watch) [3]

This real time and non-real time decision system will monitor those critical vehicle parameters that effect the static
health of the vehicle when in the pre-countdown and countdown states. Extended periods of ume pass when the
vehicle is in this dormant state at the launch pad, or in the hanger. The intention of this decision system is to go
beyond the standard redline monitor of out of tolerance conditions. This system can provide corvelation of critical
parameters with the support equipment performance. Should a redline value occur this decision system will provide
alarm and advise the alerted operator to proper action to remedy the failure. Correlation of parameter response to
support systems and the history data base will assign weighted values to aid the Vehicle Maintenance decision
system, and the Environmental Control decision system to assign priorities to the equipment maintenance.

Particular emphases is to be placed on signature analysis which today's systems engineers accomplish by "knowing"
what the probable cause of the signature is. Additional emphasis will be placed on using the design and analysis
CAE/CAD data bases to directly generate the model base for the expert system. Note also that this system can be
both real time and non-real time, since today's systems engineers operate in both modes.

Benefit of automation - The activity described above would be difficult to accomplish without either a data driven or
a human staffed system. The signature of the daia can be examined with fourier tools to analyze signatures, but the
better approach is to use the historical time domain correlation knowledge of a systems/test engineer.

Benefit of an expert system - Besides tl.e basic premise that this is what expert systems do best, there should be a
reduced labor cost, see 2.2.1.2 above.

Disadvantage - The nonrecurring cost over a logic box red-line-monitor is expected to be one man-year, and
maintenance of 0.1 men per man-year is expected. In additi-  proving to management that the system can be
verified and will achieve the anticipated reduction in force witi te diflicult at first.

2.2.1.4 Hazardous Gas Identificatic . and Safeing [4]

Provides assistance to ground crews for identification of hazardous gas leaks from the vehicle systems and from the
ground support systems. Provides recommendations to ground personnel for corrective action in identification of the
type of gas leak, safety egress path for evacuation of workers, and action required to isolate the leak.

Implementation of this system would require updating the current leak detection unit technology used on pad 39 for
hazardous gas detection. The currently installed leak detection unit leak detector system incorporates dated
technology that is maintenance intensive. The l.ak detection unit outputs data that requires large amounts of
operator interpretation. Analysis typically reads inconsistent results. The present day unit technology is not cost
justifiable and should be modemized to current technology to allow reduced costs of operation and expanded
performance. The manufacturer of today's leak detection units will not produce anymore and is in the process ot
discontinuing maintenance support.

NASA is currently looking into replacing today's ground and airborne leak detection system at the Shuttle launch
facility. NASA plans to ultimately replace the currently installed system with highly reliable mass spectrometer
LDUs for the ground systems, and they are in prototype with a miniaturized mass spectrometer, developed originally
for the SkyLab program, for airborne engine leak detection. This new generation of mass spectrometers are capable
of yielding near real time data response

The increased performance of this new generation of leak detection units will allow much added capability to the
hazardous gas identification and safeing system. These new high performance features, such as near real time data
collection and simplicity for leak detection unit installation, will permit many additional leak detection units to be
added to the system. This will greatly increase the amount of data which must be collected and processed by the
system. Application of expert system technology will allow implementing of an inference engine rule base to apply
known solutions to leak detection unit alarm conditions. The rule base will advise ground personal on zone location
of hazardous leak, type of leak, recommended egress path and/or isolation procedure, and methodology to correct
fault. Leak data analysis algorithms can be implemented that can analyze marginal leak situations over time and
provide trending analysis. From this data a projection can be made to identify when an unsafe condition will arise.

Benefit of automation - Reduced manpower load on ground personnel to analyze leak detection unit output data,
increased safety due to increased unit coverage and quicker unit response, and reduced time to check out vehicle for
leak detection.
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Benefit of expert system - It is possible that with the significant amount of data from ALS engines and the tank
farm, which probably has significant redundancy to ensure launch availability, the data handling may be improved by
expertness.

Disadvantage - Initial cost of system design and installation,
2.2.1.§ Operator Training Simulator [5]

This real time system would serve as a training platform for ground crew. Although increased vehicle autonomy on
the ALS program will simplify the ground crews tasks it is advantageous to have a training simulator that will
allow for better uperator performance. This training simulator will simulate vehicle storage as well as launch day
operations. The simulator will allow the operator to perform normal tasks in real-time to respond to both nominal
and induced failure situations. The expert decision system interface will correlate from the operations history
archive, previous failures and automatically inauce these failures into the training simulator's operation.

Benefit of automation - This is another data driven area where, if the decision is made to automate the function, an
expert approach may be best. Validates both automated and manual launch day countdown procedures.

Benefit of expert system - Increased vehicle operations reliability with reduction on possibility of operator error.

Disadvantage - The increased costs may not pay for the benefits. Especially when the operator task has been largely
automated anyway, i.c. the few remaining panels are not at all complex.

2.2.1.6 Integrated Test Controller for Vehicle System Checkout [6]

This system controls integrated system tests on vehicle during vehicle checkout. It provides test results, analyzes
test data, and recommends necessary corrections for the vehicle to meet specification. This system will provide for a
repeatable sequential testing format. As a result all testing will be standardized from sub-system to sub-system as
well as from vehicle to vehicle. This will help determine system fault tolerance.

Benefit of automation - This task is largely done today by launch control computer.

Benefit of expert system - Difficult to assess when compared to today's launch control computer logic box approach.
Disadvantage - No RIF is likely.

2.2.1.7 Automatic Remote Sensor Calibration [7]

System capable of automatic remote self calibration of vehicle and ground pressure transducers, and monitoring the
manual calibration of those components that cannot be remotely calibrated because, for example, multiple remote
(voting) sensors are not viable or the sensors cannot be stimulated. When in the automatic mode, the calibration
system will access the manufactures’ specification data base and will perform calibrations in accordance with the
recommended procedure. The sensors specified tolerances will be compared to both the actual measured values and
the history data base of previously measured values. The knowledge rule base will correlate the data for drift trends
or failures. The rule base will alert for trends in failures within systems or sensor types and provide correction
procedures and sensor performance recommendations. This system will store calibrated data in a history data base
that can be correlated in a nistorv vrofile algorithm. When in the manual mode, the expert system will optimize the
manual calibration schedule given sensor location and calibration procedure. Results will be stored in the history
data base for later analysis.

Benefit of automation - reduce manpower, refinement of calibration schedule may reduce calibration time. Note:
this concept may not be applicable if a smart, self calibrating pressure transducers with built-in-test capability
make it not cost effective.

Benefit of expert system - There will be up to 600 analog (pressure or temperature) transducers on ALS. If the
temperature sensors remain dumb (resistance type), and if smart built-in-test pressure transducer are not available,
this could save significant man-hours of calibrating/testing. (2400 per vehicle.

Disadvantage - More redundant sensors may be required than the man-hours saved are worth,
2.2,1.8 Automatic Recorder Assignment [8]

With automation of the control room it is expected that two graphic display graphics recorders will remain. This
expert system will then make a determination of which parameters should be assigned to graphic recorder displays for
output, and will provide self calibrating graphic scaling for the associated traces. This would allow the launch
control room display recorders optimum assignment under varying situations.
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Benefit of expert system - Reduces quantity of strip chart display recorders necessary for launch control center to the
minimum. Reduction in both cost of equipment and number of personnel required to support system.

Disadvantage - Possible loss of data to strip chart display recorders. It is possible that there may be a scenario in
which there will not be enough recorders to handle all suggested outputs. Relatively high front end cost for
determining the initial requirements for simplified launch control center. It is expected to be difficult to achieve
political agreement on any launch control center modification that will reduce size of standing army.

2.2.1.9 Launch Complex Environmental Control System [9]

This near real time system provides fully automated control with diagnostics for all vehicle ground equipment
environmental support systems. This covers equipment related to ground services such as refrigeration, controls,
hydraulics, fluid flow, etc. This decision a system will access the manufacturers' operation manual data base as well
as the history data base, and will provide forecasting of potential future problems as well as active control of
equipment diagnostics. Diagnostic rendering of abnormal situations shall advise the operator of equipment
malfunction and related corrective action. Interface to the Vehicle Servicing and Maintenance decision system will
permit coordinating preventive and required maintenance activities.

Benefit of expert system - Reduced labor costs.

Disadvantage - The cost of bringing ECS under expert control is estimated at 1 man-year. Today's complex 36 ECS
system is just coming under automation, the benefits of a expert system using the KATE (Knowledge Aquisition
Test Environment) shell will be evaluated using General Dynamics discretionary funds this year,

2.2.1.10  Operation Troubleshooting [10]

This system would supply analysis expertise for troubleshooting equipment failures involved with ground
operations. This system would access a centralized data base containing equipment service manual information,
where expertise from both the equipment manufacturer's data and ground operation personal knowledge would be
stored. Retrieval of a troubleshooting procedure would be provided in a customized manner for each equipment
failure.

Benefit of automation - Savings in some fault isolation diagnostics procedure retrieval.
Benefit of expert system - Knowledge capture, and systematic process would save unscheduled downtime.

Disadvantage - Systems tend to be simple and readily diagnosable. Cost of implementing an ES may outweigh
benefits.

2.2.1.11 Vehicle Processing Logger System [11]

This system would test history compilation and trend analysis, and performs paper handling for checkout sequence
and checklists prior to power on. This decision system tracks recurring problems and automatically inputs data to
the master scheduler.

Benefit of automation - Shuttle example shows 27 hours of paper handling for every one hour spent modifying the
vehicle.

Benefit of expert system - The complexity of the domain may require an cxpert system.

Disadvantage - The recurring costs of paper processing of QAR's and test analysis is significant in ground
operations, and would be traded against LCC for automation.

2.2.2 On-Board Health Monitoring Functions
2.2.2.1 In-Flight Engine Performance Monitoring [12]

This real time decision system will be located on the vehicle (part of the vehicle avionics function). It is designed to
analyze data from multiple engines, correlate the data to determine sensor validity and predict parameter levels, and
give engine recommendations to respond to engine error situations, The system would also aid adaptive guidance and
navigation for abort and alternate mission scenarios. To achieve this capability the decision system will evaluate a
set of rules provided by the experts. The rule base will provide the flight computer recommendations such as when
to shutdown an engine based on sensor fusion of abnormal limits.

Since it will be operating from ignition through the end of powered flight, it may also accomplish the task described
in paragraph 2.2.1.5. Whether there would be one vehicle system or two systems (vehicle and ground) depends on
the reliability allocation for this function.
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Benefit of automation - Increased vehicle reliability, reduced manpower.

Benefit of expert system - If there is an anomaly in the data from the propulsion system, it is crucial to determine as
fast as possible whether the problem is a sensor problem or a true engine problem. Using an expert system to
evaluate all the data , with rules, should cut reaction time by at least an order of magnitude. This should increase
vehicle reliability as much as 2%.

Disadvantage - None.
2.2.2.2 Fluids Analysis Health Monitoring [13]

This decision system will provide correlation of valve and sensor data in order to identify inconsistencies in the fluids
system of a cryogenically propelled space vehicle. Sensor fusion analysis will allow smart decision for increased
reliability.

Benefit of automation - Increased vehicle reliability, reduce manpower

Benefit of expert system - Permits better decisions to be made while performing critical fluid procedures (i.e.,
tanking) in the event of a failure. Also, in-flight engine performance monitoring would provide better redundancy
management and thus improve mission reliability.

Disadvantage - None.
2.2.2.3 Abort / Alternative Mission Modes (AGN&C) [14]

This system would evaluate failures and engine performance variations affecting the mission trajectory. It would
recommend alternative trajectory profiles to autopilot and augment adaptive guidance, navigation and controls
(AGN&C). For mission abort it would plan to miss land impact trajectory.

Benefit of expert system - Improvements to mission success reliability and to mission safety, beyond a simple
destruct system. Also expands launch window and thus on-time launch schedule is assured.

Disadvantage - On-board reliability concerns and increased computer processing requirements will increase costs.

2.2.3 Pre / Post Launch Analysis
2.2.3.1 Pre-flight Test Analysis [15]

This non-real time system would analyze ground test data. The test data will be correlated against a history data base
of previously run similar tests, as well as against manufacturer specifications. An automatic analysis of the data
will identify anomalies, out of tolerance conditions, and ther pertinent correlations. Since the analysis will
correlate results against a project history file, previous testing experience will allow identification of recurring
problems.

Benefit of expert system - Reduction in time and manpower. Not subject to human error; i.e., anomalies will not be
overlooked. Historical correlation of test data would find and identify design flaws earlier.

Disadvantage - Initial cost to set up automation and expert system rule base.
2.2.3.2 Post Flight Telemetry Data Analysis [16]

This non-real time system will correlate the telemetry data to identify anomalies and out of tolerance conditions.
the test datz will be correlated against a history data base of previous mission data. The expert system rule base will
be adjusted to "learn” new error conditions. Since the rule base will correlate results against a project history file,
previous testing experience will allow identification of recurring problems.

Benefit of expert system - Reduction in time and manpower. Data will automatically update heuristic knowledge-
base. Over 95% of the task can be routinely automated. Not subject to human error; anomalies will not be
overlooked.

Disadvantage - Initial cost to set up automation and expert system rule base.
2.2.4 Mission Planning and Operations
2.2.4.1 Flight Control Power Application and Monitor [17]
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This is a real-time system to checklist the application of power to the vehicle for test and preflight checkout. The
system will monitor power system telemetry, and will correlate step changes with vehicle activities, logging
atypical occurrences and taking action automatically to safe the vehicle in the event of a critical problem.

Benefit of automation -. Reduces normal manual monitoring and test data reduction analysis. Provides automatic
safeing functions.

Benefit of expert system - Test data reduction is a complex issue when trying to correlate events to power
abnormalities.

Disadvantage - None
2.24.2 Pneumatics, Pressurization, and Purge Controls [18]

This is a real-time expert system to automate the ground control for these systems. The system will monitor
telemetry for these functions and will provide test data reduction services. Any anomalies will be identified, isolated,
and safeing action initiated automatically.

Benefit of automation - Reduces normal manual monitoring and test data reduction analysis. Provides automatic
safeing functions.

Benefit of expert system - Test data reduction is a complex issue for these subsystems. Fault isolation and safeing
would be significantly improved, and safety would be improved by eliminating human error.

Disadvantage - None
2.2.4.3 Propellant Tanking of Vehicle [19]

This is a real time system o oversee the tanking of propellent and oxidizers onto the vehicle. System will monitor
the time critical tasks of sequencing the loading of propellant on-board such as monitoring that the pressures are
within range. This system will correlate the tanking parameters to vehicle history data base for the selected ALS
vehicle stack configuration and payload weight. Alarms will be provided to notify ground crews of pending
problems. Advanced diagnostic analysis by the expert system will advance warning time prior to redline condition.
Provisions can be provided to allow this system to control the vehicle propellant loading as well as to automatically
initiate corrective action 10 correct error conditions.

Benefit of automation - The Titan 4 is presently automating tanking.

Benefit of Expert system - LCC would be reduced due to simpler maintainable software and simpler V& V.
Disadvantage - Proving to management that the system can be verified and will achieve any benefits will be difficult.
2.24.4 Engine Ignition Ground Performance Monitoring [20]

This real time decision system will be located in the launch control center. It is designed to analyze data from
multiple engines, correlate the data to determine sensor validities and predict parameter levels, and give engine
recommendations to respond to engine error situations. To achieve this capability the decision system will evaluate
a set of rules provided by the experts. The rule base will provide the ground computer recommendations such as
when to shutdown an engine based on sensor fusion of abnormal limits. The performance history for new flights
will be analyzed and recommendations will be provided for improvement changes to the rule base. A consolidated
graphics workstation display will allow the operator a quicker understanding of abnormal situations.

Benefit of automation - This function is largely automated today.

Benefit of expert systemn - Possible increased vehicle reliability.

Disadvantage - Must prove system cost benefit and that verification can be accomplished.
2.2.4.5 Guidance Calibration [21]

These are computer procedures and manual tasks used by ground systems to align gyroscopes. They involve a test
conductor, trend analysis, and history jacket, similar to advances in systems being developed for the shuttle.

Benefit of automation - Reduces manual data reduction and identifies potential problem earlier then would be possible
otherwise,

Benefit of expert system - Improvement to operational reliability and may benefit operational costs. Also can collect
heuristic data on calibration tests for trend analysis that was not possible previously.
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Disadvantage - None.
2.2.4.6 Mission Planning with Automated Navigation Tailoring [22]

An automated system performs minimum tailoring of navigational parameters per mission. The system would have
bounded input parameters provided by the ALS program. It reduces most of the standing army for mission planning
for standard missions, and supplements an on-board AGN&C system.

Benefits of automation - An automated system would be a series of tasks for computer analysis to produce the
navigation parameters for a mission. It would save schedule and labor over manual interactive processes.

Benefit of expert system - Improves analysis tools by linking them together and correlating separate databases into
single database. Reduces cost.

Disadvantage - It is hard enough to delete RSC without adding an expert system which would be attacked as adding
more risk.

2.24.7 Range Safety System [23]

The objections of safety engineers may not be easily overcome. The fact that airplanes, railroads and automobiles
capable of causing significant loss of life operate today without destruct receivers with ground links may not make
any difference. A Range Safety system based on ESMC 127-1 may still be the finally agreed upon approach. An
expert sub-system segment of this Range Safety control approach would be utilized for assistance related to safety for
operations, procedures, and design. The thought is 1o feed the data from the Monte Carlo Trajectory runs to drive an
expert system which reviews the output data and looks for anomalies/ problems. Specific areas it might look for
are: uncovered/ insufficient link signal strength, proximity to populated areas, elc., i.e. everything the range safety
expert does prior to approving the launch.

Benefit of automation -- If we can reduce range support, One man-year per year.

Benefit of expert system - None.

Disadvantage - This problem has typically been one of the toughest political nuts to crack.
2.248 Command and Control Scheduler [24]

There appears to be wide spread support for a non-real time scheduling system which models the time duration and
resources required for ground operations. By making this system also have expert system capabilities, historical data
can be used to refine schedules, and resource management should benefit.

Benefit of automation - Better planning/ reduction of scheduling support by two heads, and increased launch crew
efficiency through more micro-management of their affairs.

Benefit of expert system - The historical data can be used to improve the systems validity over time.

Disadvantage - This micro-management may not justify this system the same way earned value accounting does
today.

2.2.49 Support for the Decision to Launch [25]

This expert system would survey (analyze) incoming real-time data from environmental monitoring stations against
established criteria for launch go/no-go decision. Established criteria for launch maintained current in database.
Real time environmental data covering weather, radar on surrounding air/ship intrusion into vehicle safety zones,
launch window/time constraints will be directed into common expert system knowledge base.

The knowledge base will maintain a history of past failures of all flown and static tested vehicles launched from
designated site. These failures shall incorporate human decision errors as well as actual vehicle failures. This expert
system will aid in the launch decision process by assisting the test conductor with non-prejudiced decision
information. Ideally a fully implemented system would have the ability to automatically override the go for launch
decision and force a countdown hold. The decision ability of this expert system will not be susceptible to launch
schedule pressures.

Benefit of automation - If this system can avoid the launch failures which seem to have been caused by deficiencies
in this area, it could increase launch success by 1 to 2 per cent. This would be a very significant cost savings.
Examples of this type of failure were the SS/Challenger and Atlas/Centaur-68 with its lightning strike.
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Benefit of expert system - Maintenance of the software would be improved. Also heuristics data could employed as
a knowledge base was developed.

Disadvantage - None.
2,2.4.10 System Wide Event Correlation [26]

Given a sub-system anomaly, this expert system correlates with all sub-system events for more rapid identification
of operation anomalies.

Benefit of automation - Enhances system troubleshooting during tests and can significantly improve anomaly
identification time.

Benefit of expert system - Complexitics due to the number of subsystem interactions and types of sympathetic
effects would be beyond conventional systems' ability to process and to discern nominal behaviors vs. abnormal
behaviors.

Disadvantage - None.
2.2.4.11 Vehicle Test Conductor/Scheduler [27]

This non-real time system schedules vehicle timelines and performs procedure planning. This system will perform
checklists on the vehicle and GSE status prior to test start to ensure proper configuration control on controls and
automatic paper documentation processing.

Benefit of automation - This task is performed manually today requiring the use of technicians and system engineers.

Benefit of expert system - Day-to-day operations variations would make a procedural system extremely expensive and
time consuming.

Disadvantage - Potential loss of flexibility.
2.2.4.12 Facilities Manager [28]

This is a non-real time system performing GSE management, consumables management, maintenance, calibration,
pad and ground systems refurb scheduling, logistics management. It will integrate its activities with the vehicle test
conductor / scheduler. Some subsystems will be automated for data input only.

Benefit of automation - Reduces manpower loading on ground personnel to manage GSE operations.

Benefit of expert system - Day-to-day operations variations would make a procedural system extremely expensive and
time consuming.

Disadvantage - System must be flexible or cost constraints will render it ineffective.
2.2.4.13 Mission Design Automation [29]

This system will generate timelines, run simulations for flight design, validate flight data load and generate
requirements. This system will be segmented functionally into several expert systems.

Benefit of automation - Significant manpower is required for recurring mission design. This will automate many
analysis and paper processes.

Benefit of expert system - This system is principally a data-driven system based on mission specifics. Maintenance
of this complex and changing software would be simplified.

Disadvantage - None.
2.2.4.14 Range Safety System and Recovery Operations [30]

The range safety system develops range safety requirements and pre-flight set up by using specific rules, guidelines
and procedure knowledge. It performs recovery operations by integrating with recovery GSE for booster engine
recovery, and with mission control for failure abort trajectory constraints.

Benefit of automation - This is typically a labor intensive task compounded by safety concerns.
Benefit of expert system - This system is principally a data driven system based on mission specifics.
Disadvantage - To operate it would require a highly reliable system.,
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2.2.4.15 Payload Manifesting [31]

The payload manifesting system schedules payloads for launch and determines launch vehicle/payload and
payload/payload compatibility. It assesses mission capability and develops parameters to feed the mission design
automation system.

Benefit of automation - This is typically a labor intensive task.

Benefit of expert system - System is data driven, lending itself to improved maintenance.
Disadvantage - None.

2.24.16 Countdown Operations System Monitor [32]

A real-time system will monitor all other countdown subsystems and manage their activities. This system will aid
the launch director to alert him to potential problems or inconsistencies in reported data.

Benefit of automation - Highly critica! task currently being done in a very distributed fashion.
Benefit of expert system - Highly data driven system. Large safety improvement.
Disadvantage - High reliability required.

2.2.4.17 Telemetry / Landlines Checks and Assignments [33]

This is a real-time system to monitor status on the health of the communication systems and make initial and on-
the-fly assignments for recording systems. It would report to the launch countdown monitor.

Benefit of automation - Highly critical task currently done manually.
Benefit of expert system - Portions of the decision logic is data driven.
Disadvantage - High reliability required.

2,3 ASSESSMENT METHODOLOGY
2.3.1 A Knowledge-based System Assessment Methodology

The methodology described in this document is a general purpose technique for assessing the benefits and risks of
applying knowledge-based systems (KBS) techniques to candidate onboard and ground support systems. It is not
assumed that automation is suited to knowledge-based techniques (as opposed to conventional software engineering),
and so this suitability is also assessed.

2.3.1.1 Methodology Overview

The assessment methodology takes input from both the domain experts and the knowledge engineers. Although the
final output is an integrated evaluation of high-level benefits and risks, the intermediate results are saved for
subsequent review. Thus all the details are retained for accountability, explanation and possible re-assessment. The
output of the assessment is formatted in such a way that a decision maker can easily compare the evaluation of a
number of candidate systems and select the best ones.

The methodology is table-driven and parts can be automated as a computer program.
2.3.1.2 Approach

The problem of candidate ranking is one of data reduction: to transform the multidimensional space of candidates
with their features, impacts, costs, risks and payofTs into a linear ordering. Such a reduction necessarily involves loss
of detail, even though this methodology does not actually resulting a linear ordering - that stage is left up to the
final arbiters. The most important requirements in such a reduction are consistency and accountability, which are
best achieved by splitting the assessment into self-contained stages which can be reviewed independently.
Furthermore, by first analyzing each candidate as a unit, independently of the others, and then at the next stage
analyzing its impact on the overall system, we avoid comparing apples and oranges; for example, a candidate may
have a high operational risk (a unit attribute) but a low safety risk (an integrated attribute) if it is not a critical
system.
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2.3.1.3 Definitions of Attributes
The following unit attributes are assessed:

KBS Suitability — Should the task be automated by a Knowledge-Based System, as opposed to a
conventional system

 Implementation Cost — One-time cost of development, both manpower and hardware
» Operational Cost— Cost of operating the final system, both manpower and hardware (including

maintenance)

« Implementation Risk — Risk that an operational system will not result from the development
effort

» Operational Risk — Risk that the operational system will fail to function as expected or will not
be robust

The following integrated attributes are assessed:

» Operational Cost Improvement— Over the lifetime of operation, the difference between non-
automation and knowledge-based automation (includes both implementation and operational costs)

* Turnaround Reduction — Schedule savings resulting from automating an operation

* Flight Safety Improvement— Increase in safety (to man or machine) from automating an operation;
a combination of the operational risk of the automated system, the degree of criticality of the
operation, and the danger level when not automated.

« KBS suitability and implementation risk avoidance are also considered integrated attributes

Note further that in the following tables, + means "high"” and — means "low" for example +N for operational cost
means a high [degree of] operational cost whereas +N for operational cost improvement means a high [degree of]
improvement in operational cost.

2.3.2 Assessment of Knowledge-Based Systems

Prior to the assessment described herein, it is assumed that an opportunity study has been conducted along the lines
described in Reference 1. Thus, technical notes have been produced which identify and describe the candidate systems
in a structured manner. A table is presented later (Section 3.1) which should be used to summarize this preliminary
study.

Using the results of the opportunity study and further analysis by the domain experts and the knowledge engineers,
the assessment produces three levels of evaluation for each candidate system, summarized in three tables which relate
systems to attributes. The translation of the first table of low-level assessments into the intermediate table is
automatic and generic, whereas the second translation is domain-specific (in this case Space Transportation Vehicle
Mission Management Systems). The second translation results in the final table of top-level evaluations to be used
to decide the best candidates.

First, numerous attributes are evaluated for each candidate by means of a series of Yes-No questions. Next, these
low-level attributes are combined with a generic KBS impact-attribute matrix to produce an evaluation of each
candidate in terms of the unit attributes of KBS suitability, implementation cost,operational cost, implementation
risk and operational risk. Then this candidate-specific evaluation is synthesized with the customer's knowledge of
how each candidate system fits into the whole operation to produce a relative evaluation of the candidates' overall
impact on the high-level domain-specific attributes of operational cost improvement, tumaround time reduction and
flight safety improvement. For completeness the attributes implementation risk avoidance and KBS suitability are
included in this table for convenient review. The values in this table are scaled between -10 and +10.

The assessment is performed by both the domain experts and the knowledge engineers by entering values into the
tables. The attributes can be weighted according to their impact on the higher level evaluation, however this may
not be desirable because it is difficult to perform consistently across many comparisons and is difficult to track later.

The assessment methodology is summarized in Figure 2.1.
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[*]

Table of Candidate Systems Fill Out Table Candidate/Detailed Attribute Table

(Provided by DE & KE via Tabie 0) (DE & KE) (Provided by KE)

Candidate/Detailed Attribute
Evaluation Matrix (table 1)
2

Synthesize
Detailed Evaluations |g

KBS Impact/Attribute Matrix

(Automatic) (Provided by KE)
I /
Revise Table O Candidate/Unit Attribute
Estimates Evaluation Matrix (table 2)

Synthesize Unit
Evaluations into
Integrated
Evaluations

Candidate/Final Attribute
Evaluation Matrix (table 3)
4

Decide Best
Candidates

(Decision Maker)

I oo Conasa

Figure 2.1—Qverview of the KBS Assessment Methodology
2.3.2.1 Methodology Details
2.3.2.1.1 Prerequisites

As mentioned before, it is assumed that prior to the implementation of this assessment methodology, an opportunity
study has identified a list of tasks which seem good candidates for automation by knowledge-based systems. The
study will have taken into account the key drivers for cost, safety, schedule and mission success to produce a
description of each candidate task which includes the following features:

. Resources required (human and others)
. Steps involved in task and relative level of complexity
. Functional, platform, performance and interface requirements

. Location in launch time-line, level of criticality for mission, danger level if not
automated

. Identification of other similar tasks and similar operational systems

. Initial estimate of costs (implementation and operational) based on key drivers

(resources, complexity, requirements, similarity, etc.)

This study will have been undertaken by both the domain engineers (DE) and knowledge engineers (KE). GD's Space
Transportation Architecture Study report contains most of the relevant information about costs and resources. The
data should be summarized in a table similar to Table 0 (Figure 2.2).

2.3.2.1.2 PROCEDURE 1 - Assess Detailed Attributes

The purpose of this stage is to fill out the detailed attribute Table 1 (Figure 2.4). The domain expert (DE) and
knowledge engineer (KE) analyze the results of the opportunity study in Table 0 and answer the following questions
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associated with each attribute. The questions have been designed to be mutually exclusive and complete. The nature
of these questions is that they only apply to the candidate under study and require no comparison with other
candidates; in other words, Table 1 should be filled out horizontally, a candidate at a time. Table 1 is of interest in
its own right and represents the lowest level of assessment of each candidate.

The answeres can be binary YES (1) or NO (-1), or be scaled as certainty factors from -N to +N (typically -5 to §) if
desired. If a scaling is used, it is important to keep it consistent across all questions. The scaling of the answers
could be defined as a set of selections that the domain expert and knowledge engineer use to answer the questions.
The spreadsheet where the answers are stored can be used to change a text answer to a numerical value for the matrix

mathematics.
BINARY SCALE
YES = 1 NOTAPPLICABLE = O N = -1
SCALED CERTAINTY FACTORS
. YES = 5 NOTAPPLICABLE = O© N = -5
MOSTLIKELY = 4 NOT LIKELY = -4
PROBABLY = 3 PROBABLY NOT = -3
MAYBE = 2 MAYBE NOT = -2
| THINK SO = 1 IDONTTHINKSO = -1

Figure 2. 3—Binary and Scaled Certainty Factors for the Questions
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Table 1
Figure 2.4—Detailed Attributes for Assessing Benefits and Risks of a KBS
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LIST OF DETAILED ATTRIBUTE-QUESTIONS OF TABLE 1

1. Does KB automation preclude manual intervention or backup systems? This implies a high level of reliability
and autonomy (not interactive).

2. Is an algorithmic (i.e., conventional) approach unsatisfactory (i.e., impossiblc or cost prohibitive) because the
task involves combinatoric search, fuzzy rules of thumb (e.g. examples), chains of reasoning, cognitive or
structural understanding, in contrast to mathematical models and simulations or operations research tools
such as decision trees and optimization techniques?

3. Does the domain use expert knowledge, judgement and procedures that are well understood and available during
development? That is: there is consensus about correctness; novices are routinely taught; books or manuals
or test cases or experts are available to the software developers.

4. Is it desirable to compile the expertise? For example, the expertisc may be expensive, scarce or likely to be
unavailable in the future, or be distributed among several experts.

5. Is the task labor intensive, dangerous to do manually, or repetitive so that even experts make dumb mistakes?

6. Is the task decomposable, allowing rapid prototyping for a closed small subset and incremental development?
Note that it is assumed that subsequent combination of modules will not be the major portion of the task.

7. Is the knowledge base frequently changing? Note that if the system is currently being designed then the
knowledge base is being created, but if the expertise can be captured in a KBS in the design phase then it
could be used for training and validation would be against simulations instead of test cases.

8. Is the project's development on the critical path for other developments?

9. Is the task similar to that of a successful existing expert system, or at least does the expected automation lend
itself to known knowledge representation techniques?

10. Does the expected automation require research-level techniques, e.g. deep or hypothetical or commonsense
reasoning, hybrid paradigms, learning, immature technology, deep explanations or robust advanced user
interfaces?To decide this, take into account the expected technological advances in the the time-frame under
consideration. Real-time systems may fall into this category, but only if the time-critical reasoning is
sophisticated. Also, compare with 11 and 12.

11. Are semi-advanced Al-based user interface techniques desirable? For example, a tightly constrained subset of
natural language should be understood, or non-continuous voice recognition, or some intention-based
interpretation should handle incomplete or improper input.

12. Are some explanations and justifications-audit trail required, but not necessarily of a deep nature?
13. Will the system serve several purposes — e.g. simulation, design aid, training, operations?

14. Does the operational system require special (or many) external interfaces or hardware, costly host platforms,
high performance (e.g.real-time), large processing units or secondary storage?

15. Does the development require special, expensive personnel or special hardware or tools?

16. Can the candidate system share modules (inference engine, knowledge base, grammar, etc.) with other
candidates?

17. Can the system be phased into use gradually —i.e. will an incomplete system be considered useful even while
it is being enhanced?

Figure 2.5—LIST OF DETAILED ATTRIBUTE-QUESTIONS OF TABLE 1

Another consideration that is hard to assess is political benefit: e.g. the spin-off potential, measurable payoff to
skeptics, public relations, the guarantee that current practices will not be disturbed and will be welcomed by
personnel.
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2.3.2.1.3 PROCEDURE 2 -- Synthesize Detailed Attributes Into Unit Evaluation Abacus

The low-level evaluations are synthesized into intermediate level evaluations of costs and risks by combining with a
matrix which relates the impact of the low-level attributes to the intermediate level ones. The matrix entries are +1
depending on whether there is a positive or negative impact, 0 if there is no impact. This matrix is shown in Table
2. It is expected that this matrix be constant for all assessments, however once again it may be desirable to
introduce a scaling of impacts from -M to + M if appropriate.
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KBS Suitabllity ST+ +1] +1f+1)+1+1 ] O |+1 | O J+1|+1]+1 010 |+1
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Operational Cost 0j]0]0]O0]-110)+1}0}]0]O0]O0}O0]}-1|+1}J0}]JO}O
ImplementationRisk | +1| O|-1] O] O -1|+1}+1}-1}|+1]+1]O0}O|O}|+1}]0 -1
Operational Risk +11 0100|010} +1] 0O §+1|+1]O0|O|+1]0 {0 |-1

Table 2
Figure 2.6—KBS Impact - Attribute Matrix

This matrix and Table 1 are combined by aggregating the products of the YES-NO (11) answers and the
corresponding impacts (1) for each mid-level attribute. In other words, the combination is the result of multiplying
Table 1 (viewed as a matrix) by the transpose of the impact matrix in Table 2 (Figure 2.6). The result is a relative
rating of candidates against the unit attributes, Table 4 (Figure 2.8).

It is easy to integrate a weighting scheme into this procedure, if it is judged that some low level attributes are more
important than others. The difficulty is to construct the weights to compare several criteria, but established methods
of decision analysis can be used. For example, the Analytic Heirarchy Process (AHP) constructs the weights from
only pairwise comparisons of the importance of attributes (gained by interview with the knowledge engineer), and
also performs a consistency check. Furthermore, it has been implemented as a commercial software product.
However it is tedious to perform N*(N-1)/2 comparisons, and there is no accepted method of combining different
opinions from more than one interviewee. If weights are to be utilized, each column in Table 1 will be multiplied by
the corresponding weight and then this matrix used in Procedure 2. This can also be accomplished by constructing a
square weight matrix as in Table 3 (where non-diagonal entries are zero and each diagonal entry is that attribute's
weight, Figure 2.7) and performing a matrix multiplication. So to use the weights on the questions, the
combination is the result of multiplying Table 1 (viewed .pa as a matrix) by the weight matrix (Table 3), then
multiplying by the transpose of the impact matrix (Table 2). The result is a relative rating of candidates against the
unit attributes, Table 4.
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Attribute
1 2 3 4 5 6 7 8 .
Attribute
1 Wilofojojofofo]|O]--
2 O |W2, 0J]0|1O0]O0|O0]|O{--
3 O] O0Iw3| 0[O0} 0]01|0O
4 O]10[O0O|W4 O] O} O] O].
5 0O10[O0[O0OIWS510]0}O
6 0] 0101 0| O0{f{We] 0|0
7 010101010 ] O0|Ww7[0
8 O[O0} 01O} O] O} O |WS
Figure 2.7—Structure of Weig;%»e lflatrix for Low Level Autributes
Note that the default weighting matrix is simply the identity matrix.
i | | [ |
Scale -12..12 -8..8 -4.4 -10..10 -6..6
Candidate
1
2
Table 4

Figure 2.8—Upnit-Level Benefits and Risks of Applying Knowledge-Based Techniques

Note that the maximum and minimum values ("scale") for each attribute are also included so that a candidate’s score
can be compared to the ideal candidate. This scale is simply obtained by adding the number of non-zero items in each
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row of Table 2. Of course if non-binary answers were allowed in Procedure 1, or a scaling or weighting in Table 3
was used in Procedure 2, then the max-min scale would have to be adjusted in Table 4.

To summarize, the combination algorithm is as follows:
« Generate the matrix W of weights, if required, as in Table 3.

» Perform the matrix multiplication C * W * (I transposed), where C is the completed Table 1
and 1 is the constant Table 2, to generate Table 4.

2.3.2.14 PROCEDURE 3 -— Calculate Final Assessment Matrix

At this time the scores for each unit attribute have been summarized in Table 4. Now each candidate is to be rated
against the other candidates as to its impact on the overall system for each of the final, integrated attributes of
operational cost improvement, turnaround time reduction, flight safety improvement, implementation risk avoidance
and suitability for knowledge-based system implementation. In other words, this is a vertical evaluation, an attribute
at a time.

The mapping between unit attributes and final attributes takes into account many candidate-specific features derived
from Table 0, which must now be revised to accommodate new understanding gained from Procedures 1 and 2. In
particular, the following entries in Table 0 (which are used in Procedure 3) should be reviewed and perhaps modified:

« Size
+ Oper. cost/yr if automated
 Implementation cost

Other values from Table 0 used in Procedure 3 are: the criticality of the task, its expected lifetime and its expected
manual operational cost. These should not need to be revised as they depend only on the nature of the task and not on
its automation.

To aid in the costs revision, the cost consistency matrix, Table 5 (Figure 2.9), compares the Table 0 dollar estimates
to the Table 4 unit attributes multiplied by the size of the system (i.e. "integrated"). Each column can be scaled
between 0 and 10 by a linear transformation (make the smallest value 0 and the biggest 10, X -> (X-Min)*10/(Max-
Min). The scaled results and the candidate's ranks can be compared, and should approximately agree. Note, though,
that costs are driven by other factors than size and the Table 1 attributes, and so a perfect agreement is not to be
expected. Any surprising anomalies should be rectified by adjusting Table 0.

Size X Estimated Size X Estimated
implementation Implementation Cost C(;pe;‘atttiqgatl (E)pfc:rationa:Y Cost
Cost Attribut st Attribute ifference/Year
(Abs, Scaled, Rank) | (A0 S6aled: Rank) § (. "c aled, Rank) | (Abs, Scated, Rank)
Candidate
1 From Table 0 and Table 4 From Table OIand Table 4
[
I
2 From Table 0 !md Table 4 From Table 0 and Table 4
1 [
|
3 From Table 0 and Table 4 From Table 0 and Table 4
| |

Table 5
Figure 2.9—Cost Consistency Matrix
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Having finalized Table 0, the following mapping allows the final attributes to be calculated automatically:

KBS suitability From Table 4
Implementation Risk Avoidance * Value in Table 4
Operational Cost Improvement (Manual Cost /yr — Automated Cost/yr)

* Expected lifetime (in yrs) — Implementation cost

Turnaround Time Reduction From Table 0
Safety Improvement Danger level — Scaled result(-10 to +10) of
Operational Risk * Criticality factor

Note that the operational cost improvement takes into account not only the expected cost of implementation and
operation, but also the cost of not automating the system — even if a candidate is assessed to have a high cost
factor, if it replaces a very costly alternative then it may be preferred to another candidate which is rated as low cost
but may be cheap to perform manually. Similarly, the operational risk will only affect flight safety if the task the
candidate performs is flight-critical.

These impact scores will be summarized in Table 6 (Figure 2.10), by scaling each column of results from -10 to 10
by making the largest (absolute) value +10 and dividing the other values accordingly. Note that this scaling preserves
the sign of the values and allows comparison with an ideal candidate (all 10's). This table will now be passed onto
the final decision maker(s) for Procedure 4. It may be considered advantageous to filter out unsuitable candidates at
this stage, although if an unsuitable candidate has a high payoff the conclusion might be drawn that it should be
automated conventionally.

KBS implementation Operational Tumaround Time Fiight Safety
Suitability Risk Avoidance | Cost improvement Reduction improvement
Candidate

T

1 From - From Procedure 3 .
Procedure 2 1
|

2 From - From Procedure 3 T =
Procedure 2 {
i

Table 6

Figure 2.10—Top Level Benefits and Risk of Applying Knowledge-Based Techniques

To summarize, Procedure 3 has the following components:

« Construct cost consistency table and revise Table 0.

* Perform the mapping from Table 0 and Table 4 into integrated attributes.

* Scale the attributes between -10 and 10 (i.e. multiply by 10/MAX) to complete Table 6.
2.3.2.1.5 PROCEDURE 4 -. Weigh Benefits and Risks of Final Assessments

At the final stage of evaluation, the decision maker(s) will be presented with the completed Table 6, which lists the
candidate systems and their relative scores for suitability, benefits and risks of knowledge-based automation. The
table is self-contained and so the decision maker can choose the most desirable candidate system(s) even though she
has no knowledge of the nature of the candidate tasks; however the other tables and technical notes may be reviewed.
It is up to the decision maker to weigh the benefits and risks in making this final choice.
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Note that no attempt is made to automatically combine these final attributes into a single evalnation for each
candidate, as this is not considered possible (or desirable) because of the inevitable loss of information in any such
reduction. Such a decision is to be left in the hands of the final arbiter.

2.3.3 Assessment Methodology Evaluation Data and Results

Hardware and software implementation platform

This section will discuss the data that is inserted into the assessment methodology tables that were described in
the previous section. We chose as the platform to run the assessment methodology, the Apple Computer
Corporation's Mac II® with SM of memory. The 5M of memory was required to allow the loading of the
spreadsheet program, the assessment methodology data, and the accompanying charts for the data. We chose the
Excel® spreadsheet program as the application to store the assessment methodology data in, and to perform the
necessary mathematical calculations on that data. We are currently running Rev. 1.5 of the Excel program.

Problems with Excel and the number of files that are open

The Excel spreadsheet was originally generated with each of the assessment methodology tables contained in its
own separate file. This caused a great deal of file manipulation and file access links whenever a table was to be
opened. Or all of the files for the tables needed to be opened at the same time for the data to be plotted. So all
of the main tables were copied into a single file. This eased the file access problem considerably. It also greatly
reduced the number of files that needed to be open at any one time. As a side benefit from putting all of the
tables in one file the length of time to perform the calculations on the data was also reduced.

Problems with printing the entire table on a single sheet of paper

‘When each of the assessment methodology Tables are printed on a single sheet of paper the table's text becomes
so small that the table becomes extremely difficult to read. So to alleviate this problem the tables were divided
into a couple of sections and then scaled to fit on a sheet of paper. Table 0 and Table 5 have been split and are
printed on multiple sheets.

Generating charts for data clarification

For each of the intermediate and final selection criteria values that are generated for the candidate lists in Table 4,
Table 5, and Table 6, a chart is generated to make it easy to determine the candidates with the best qualifications
for that particular set of criteria.

Additional tables to assist in result data clarification

A couple of tables have also been generated to assist in sorting the candidate lists for each of the intermediate
and final selection criteria values into an organized list. These extra tables have been generated for the
intermediate table solutions of Table 4 and Table 5 and for the final results of Table 6. These tables list the
candidates with the best qualifications of the particular selection criteria at the top of the table and the least
likely candidates at the bottom.

The additional sort tables require a sort macro

The additional tables also have a associated with them a sort Macro that rearranges the list of the candidate’s
intermediate data and final selection values into a sorted list for easy evaluation,
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* The total nu-.uver of files used to generate the assessment data

The total number of files that are used to generate the assessment methodology data is 21 files. Out of this
there are 4 Excel spreadsheet files, 2 Excel Macro files, and 15 Excel Chart files located in 3 folders. The names
of all of the chart files are listed in each of the paragraph sections about there particular table. And there file
name is the same as there column header form the table from which they are produced. The file names that are
used are listed in Figure 2.11.

Filename 1 Description
Table 0_Contains Tables 0, 1,2, 3]4,5,6
Table 4.5 | Contains Table 4.5
Table 5.5 - 6.5 | Contains Tables 5.5, 6.5 ’
Table 4.5 macrol lContains Table 4.5 Sort Macro
Table 5.5 - 6.5 macro2 lComains Table 5.5, 6.5 Sort Macro
folder 4 | Contains 6 Charts that are plotied form Table 4.5
folder 5 | Contains 4 Charts that are plotted form Table 0
folder 6 | Contains 5 Charts that are plotted form Table 0

Figure 2.11—File names used by the assessment methodology
* Equations used in the tables

Each of the equations that are used throughout the Excel tables are listed after the paragraph that discuses that
particular table. The names that are on the top of the table columns are used for references to its self from the
other tables and as chart tittles when they are charted. The names of the columns are used to define the
references because in some cases the names in the tables are different from the name that are suggested in the
assessment methodology generated by Abacus. By using the column header as a reference in this manner it
should make a clear understanding as to where each of the data values have come from and where each of the
results are used.

2.3.3.1 Expert System Candidate Attributes and Specific Data

An additional table is generated with a numerical listing of the prospective candidates. This table is in a separate
spreadsheet file but accesses the main spreadsheet file for the names of the candidates. In this way the names of
the candidates need only be modified in one location and the effect of the chan